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1.  INTRODUCTION 


The  prediction  of  the  vibrational  circular  dichroism  (VCD)  spectrum  of  a  chiral  molecule  at  the 
harmonic  level  of  approximation  requires  the  calculation  of  its  equilibrium  geometry,  harmonic  force  field, 
atomic  polar  tensors,  and  atomic  axial  tensors  [1-3].  These  molecular  properties  are  most  accurately 
calculated  using  ab  initio  methods  [4-7].  While  predictions  of  VCD  spectra  based  on  ab  initio  calculations 
at  the  self-consistent-field  (SCF)  level  of  approximation  have  achieved  substantial  success  in  reproducing 
experimental  spectra  [8-25],  they  have  been  significantly  limited  by  the  inherent  deficiencies  of  the  SCF 
approximation.  Accurate  calculations  require  post-SCF  methods. 

Recently,  the  feasibility  of  the  calculation  of  accurate  harmonic  force  fields  using  post-SCF  methods 
has  increased  sufficiently  to  permit  their  use  in  predicting  VCD  spectra  of  experimentally  accessible  chiral 
molecules.  Consequently,  it  is  now  practicable  to  compare  experimental  VCD  spectra  to  theoretical 
predictions  which  are  not  limited  in  accuracy  by  uncertainties  in  the  harmonic  force  field.  In  turn,  the 
origins  of  the  remaining  discrepancies  between  theory  and  experiment  can  be  more  precisely  analyzed. 
Here  we  report  the  first  calculations  of  VCD  spectra  which  take  advantage  of  this  progress.  Specifically, 
we  report  calculations  of  the  VCD  spectrum  of  trans-2,3-dideuteriooxirane  (1)  based  on  a  harmonic  force 
field  obtained  at  the  MP2  level  of  approximation  using  a  large  basis  set  The  results  are  compared  to  the 
recently  published  experimental  VCD  spectra  of  Freedman  et  al.  [26]  for  solutions  of  1.  The  accuracy 
of  the  calculations  is  limited  only  by  the  incomplete  inclusion  of  correlation  in  the  calculation  of  atomic 
axial  tensors  and  by  the  absence  of  any  consideration  of  anharmonicity  and  condensed-phase  effects.  The 
magnitudes  of  the  errors  arising  from  the  neglect  of  the  contributions  are  evaluated.  The  analysis  is 
assisted  by  comparisons  of  experimental  vibrational  frequencies  and  unpolarized  absorption  intensities  for 
1,  oxirane  2,  and  oxirane-ti4  (3) — in  solution  for  1  [26]  and  in  the  gas  phase  for  2  and  3  [27-28] — to  the 
results  of  calculations  using  the  same  force  field  and  atomic  polar  tensors  as  used  in  predicting  the  VCD 
of  1.  There  results  a  more  sophisticated  analysis  of  the  deviations  between  a  calculated  and  an 
experimental  VCD  spectrum  than  heretofore  achievable. 

2.  RESULTS  AND  DISCUSSION 

The  harmonic  vibrational  frequencies  and  rotational  strengths  of  1,  calculated  using  a  [8s6p3d/6s3p] 
basis  set  (hereafter  referred  to  as  VD/3P)  [7],  are  given  in  Table  1.  The  harmonic  force  field  and  atomic 
polar  tensors  P^p  were  obtained  at  the  MP2  level  via  analytical  derivative  techniques  [29]  using  a 
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Table  1.  Vibrational  Frequencies,  Intensities,  Dipole  Strengths,  and  Rotational  Strengths  of  1 


2 


1 

CRAY-2  version  of  GAUSSIAN  92  [30].  Atomic  axial  tensors,  Map,  were  calculated  using  the 
distributed  origin  gauge  [2,7,13,31,32],  when 
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where  (Iap)  is  the  atomic  axial  tensor  of  atom  X  evaluated  with  the  origin  at  the  equilibrium  position  of 
nucleus  X,  The  "local"  atomic  axial  tensors,  (I^)\  were  calculated  at  the  SCF  level  via  analytical 
derivative  techniques  [33,34]  using  a  Cray  Y-MP  version  of  CADPAC  5.0  [35].  The  atomic  axial  tensors 
are  thus  only  partially  corrected  for  correlation.  The  use  of  the  distributed  origin  gauge  guarantees  origin- 
independent  rotational  strengths  [2].  The  VCD  spectrum  derived  from  the  calculated  rotational  strengths 
and  the  experimental  VCD  spectrum  of  Freedman  et  al.  [26]  are  shown  in  Figures  1  and  2  and  are  in 
obvious  correspondence,  permitting  unambiguous  assignment  of  all  experimental  features  to  fundamental 
transitions.  The  assignment,  together  with  the  rotational  strengths  obtained  by  Freedman  et  al.  from  the 
experimental  VCD  spectrum,  is  given  in  Table  1. 

The  accuracy  of  predicted  rotational  strength  is  a  composite  function  of  the  accuracies  of  the  harmonic 
force  field,  the  atomic  polar  tensor  and  the  atomic  axial  tensors,  and,  in  addition,  the  magnitude  of 
anharmonicity  and  condensed-phase  contributions,  which  are  not  included  in  the  theoretical  formalism. 
The  accuracies  of  the  force  field  and  atomic  polar  tensors  and  the  significance  of  anharmonicity  can  be 
independently  assessed  by  comparison  of  the  frequencies  and  unpolarized  absorption  intensities  predicted 
for  the  undeuterated  and  perdeuterated  isotopomers  of  oxirane,  oxirane  (2)  and  oxirane  -  d4  (3),  with  the 
accurate  gas-phase  results  of  Nakananga  [27-28].  As  seen  from  Table  2,  excluding  C-H  and  C-D 
stretching  modes,  calculated  and  observed  frequencies  differ  by  2.2%  on  average;  the  maximum  error  is 
3.9%.  The  errors  for  C-H  and  C-D  stretching  modes  are  substantially  larger:  5-7%  and  4-5%, 
respectively.  Although  harmonic  frequencies  for  isotopomers  of  oxirane  have  not  been  derived  from 
experimental  data,  the  contributions  of  anharmonicity  are  known  in  many  other  small  molecules  [4].  By 
comparison  with  such  data,  it  is  clear  that  the  calculated  errors  for  2  and  3  are  comparable  to 
anharmonicity  contributions  and  that,  with  the  respect  of  the  force  field,  the  harmonic  limit  has  been 
effectively  realized.  In  the  case  of  intensities,  excluding  the  C-H  and  C-D  stretching  modes,  calculated 
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Figure  1.  Predicted  (a)  and  experimental  (b)  VCD  spectra  of  1.  The  predicted  spectrum  results  from 
frequencies  and  rotational  strengths  are  given  in  Table  1.  Lorentzian  band  shapes  are  assumed 
[11,151.  The  half-width  at  half-height  (V)  is  arbitrarily  chosen  to  be  6.0  cm-1  for  all 
bands  T261. 


Figure  2.  Predicted  (a.c)  and  experimental  (b.d)  VCD  spectra  result  from  frequencies  and  rotational 
strengths  given  are  in  Table  1.  Lorentzian  band  shapes  are  assumed  [11,151.  The  half-width 

[y] 


and  experimental  intensities  differ  on  average  by  0.8  km/mol,  while  the  quoted  experimental  uncertainties 
are  on  average  0.9  km/mol.  Thus,  calculated  and  experimental  intensities  agree  within  experimental  error. 
This  result  confirms  the  excellent  accuracy  of  the  force  field  and  of  the  normal  coordinates  derived 
therefrom.  In  addition,  it  demonstrates  that  the  errors  in  intensities  arising  from  errors  in  the  calculated 
atomic  polar  tensors  and  from  anharmonicity  are  both  less  than  experimental  error.  Thus,  with  respect 
to  intensities  the  harmonic  limit  has  been  effectively  reached  and  is  sufficient.  In  the  case  of  the  C-H  and 
C-D  stretching  modes,  the  differences  between  calculated  and  experimental  intensities  are  significantly 
larger  and,  in  addition,  are  substantially  greater  than  the  experimental  errors.  The  differences  for  the  C-H 
modes  are  appreciably  larger  than  for  the  C-D  modes.  In  view  of  the  excellent  accuracy  of  the 
calculations  for  all  other  modes,  these  discrepancies  can  only  be  due  to  anharmonicity.  Thus,  for  these 
specific  modes,  the  harmonic  limit  is  clearly  insufficient. 

Since  the  same  force  field  and  atomic  polar  tensors  determine  the  frequencies  and  intensities  of  all 
isotopomers  of  oxirane,  the  frequencies  and  intensities  of  1  should  be  as  accurately  predicted  as  those  of 

2  and  3.  Comparison  to  the  results  of  Freedman  et  al.  [26]  (Table  1)  supports  this  expectation.  Excluding 
C-H  and  C-D  stretching  modes,  the  error  in  frequencies  is  2.5%  on  average,  the  maximum  error  being 
3.4%.  The  error  in  intensities  is  1.5  km/mol  on  average.  Although  the  number  of  modes  on  which  these 
statistics  are  based  is  small,  the  average  errors  are  very  similar  to  those  for  2  and  3.  Experimental 
uncertainties  were  not  reported  for  1,  and  we  cannot  directly  compare  the  differences  between  theory  and 
experiment  to  experimental  errors.  In  contrast  to  2  and  3,  the  experimental  parameters  for  1  are  derived 
from  spectra  in  solution.  The  comparable  accuracies  of  predicted  frequencies  and  intensities  for  1, 2,  and 

3  lead  to  the  conclusion  that  condensed-phase  effects  are  small,  i.e.,  that  they  are  less  than  either 
anharmonicity  effects  or  experimental  errors,  whichever  are  limiting. 

The  predicted  rotational  strengths  of  1  are  in  perfect  agreement  with  the  experimental  parameters 
derived  by  Freedman  et  al.  with  regard  to  both  sign  and  relative  magnitude  (Table  1).  The  differences 
in  absolute  magnitudes  of  predicted  and  experimental  rotation  strengths  could  originate  either  in  theoretical 
or  in  experimental  error.  Experimental  uncertainties  were  not  reported  and  are  not  easily  estimated.  For 
three  bands,  rotational  strengths  are  estimates  from  gas-phase  data.  In  addition,  the  C-H  and  C-D 
stretching  rotational  strengths  are  particularly  susceptible  to  uncertainty  since  they  derive  from  the 
deconvolution  of  unresolved,  oppositely  signed  couplets.  To  a  substantial  degree,  the  differences  between 
predicted  and  experimental  rotational  strengths  are  likely  to  be  attributable  to  experimental  uncertainties. 
With  regard  to  the  calculations,  leaving  aside  the  C-H  and  C-D  stretching  modes,  the  previous  discussion 
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Table  2.  Vibrational  Frequencies  and  Intensities  for  2  and  3 


■■■mu 


nan 


Frequencies,  v,  in  cm"1;  intensities,  I,  in  km/mol. 

Gas-phase  frequencies  and  intensities  from  Nakanaga  [27-28];  quoted  errors  are  in  parentheses. 
Calculated  using  SCF  atomic  polar  tensors. 

Calculated  using  MP2  atomic  polar  tensors. 

Corrected  for  Fermi  resonance  with  (1,497  +  l,470)-cm~1  combination. 


of  unpolarized  absorption  intensities  shows  that  errors  in  rotational  strengths  arising  from  errors  in  the 
harmonic  force  field  and  atomic  polar  tensors,  from  the  neglect  of  anharmonicity  and  from  the  neglect  of 
solvent  effects,  should  be  insignificant  (assuming  that  solvent  effects  on  VCD  intensities  are  no  longer 
than  on  unpolarized  absorption  intensities).  There  remain  the  errors  arising  from  the  incomplete  inclusion 
of  correlation  in  the  atomic  axial  tensors — specifically,  from  the  evaluation  of  the  "local"  atomic  axial 
tensors  (1^)^  at  the  SCF  level  of  approximation.  If  experimental  errors  are  ignored,  the  magnitudes  of 
these  errors  are  the  differences  between  calculated  and  experimental  rotational  strengths,  given  in  Table  1. 
The  uncertainties  in  these  values  are  equal  to  the  experimental  uncertainties.  In  one  case — the 
1,266/1, 226-cm-1  band — the  difference  is  large;  in  all  other  (four)  cases  it  is  relatively  small  In  the  case 
of  the  C-H  and  C-D  stretching  modes,  as  discussed  previously,  anharmonicity  is  not  negligible,  and 
experimental  rotational  strengths  are  particularly  uncertain.  The  considerable  difference  between  the 
theoretical  and  experimental  rotational  strengths  for  the  C-H  stretching  modes  is  not  surprising,  therefore, 
while  the  close  agreement  for  the  C-D  stretching  modes  is  likely  to  be  fortuitous.  For  these  modes,  the 
contributions  of  errors  in  atomic  axial  tensors  to  differences  between  experimental  and  calculated  rotational 
strengths,  while  unlikely  to  be  negligible,  cannot  yet  be  disentangled. 

The  reasonableness  of  the  preceding  analysis  can  be  further  probed  in  several  ways.  First,  we  can 
examine  the  "P-M"  and  "P-L"  contributions  to  the  rotational  strengths  [2,15,36]  originating  respectively 
in  the  first  and  second  terms  in  the  atomic  axial  tensors  (equation  1).  The  former  is  subject  to  the 

correlation  errors  of  the  SCF  (Ia[y  tensors  while  the  second  in  not  Significant  errors  are  thus  to  be 
expected  only  when  the  "P-M"  term  is  dominant  and  not  when  the  "P-L"  term  is  dominant  The 

magnitudes  of  these  two  contributions  are  given  in  Table  1.  In  most  cases,  the  "P-M”  term  is  dominant. 
In  the  particular  case  of  the  1,266/1, 226-cm-1  mode,  the  only  band  for  which  the  estimated  correlation 
error  was  large,  the  "P-M"  contribution  is  overwhelmingly  dominant.  Our  analysis  is  therefore  not 
inconsistent  with  the  relative  magnitudes  of  "P-M"  and  "P-L"  contributions  to  the  rotational  strengths. 

In  addition,  we  can  examine  the  sensitivity  of  rotational  strengths  to  the  exclusion  of  correlation  in 
the  calculation  of  the  atomic  polar  tensors.  VD/3P  atomic  polar  tensors  were  calculated  at  the  SCF  level 
of  approximation  (using  analytical  derivative  methods  and  the  Cray  Y-MP  implementation  of  CADPAC 
5.0)  and  substituted  for  the  MP2  atomic  polar  tensors  in  calculating  unpolarized  absorption  intensities  for 

1,  2,  and  3  and  rotational  strengths  for  1,  with  the  results  given  in  Tables  1  and  2.  With  very  few 
exceptions,  unpolarized  absorption  intensities  are  increased,  the  largest  increases  being  around  a  factor  of 

2.  The  rotational  strengths  of  1  are  affected  in  a  more  complex  manner,  as  is  to  be  expected  since  changes 
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in  the  atomic  polar  tensors  affect  both  electric  and  magnetic  dipole  transition  moments,  in  magnitude  and 
in  direction.  In  one  case,  the  1,147/1, 109-cnf1  transition,  the  sign  is  changed.  The  magnitudes  of  the 
changes  are  given  in  Table  1  and  can  be  seen  to  vary  considerably.  The  errors  in  the  calculated  rotational 
strengths  arising  from  the  neglect  of  correlation  either  in  atomic  polar  tensors  or  in  atomic  axial  tensors 
must  be  comparable,  since  atomic  polar  and  axial  tensors  are  inextricably  linked  [7].  The  values  obtained 
by  calculation  in  the  case  of  the  atomic  polar  tensors  and  from  differences  between  theory  and  experiment 
for  the  atomic  axial  tensors  are  consistent  with  this  expectation. 

3.  CONCLUSION 

In  predicting  vibrational  spectra,  a  harmonic  force  field  can  be  defined  as  accurate  when  the  residual 
errors  in  vibrational  energies,  wave  functions,  and  transition  moments  are  insignificant  relative  to  the 
contributions  of  anharmonicity.  There  is  no  practical  advantage  to  be  gained  from  improvements  beyond 
this  level.  Following  recent  developments  in  post-SCF  methods,  it  is  now  practicable  to  calculate 
harmonic  force  fields  of  this  level  of  accuracy  for  chiral  molecules  whose  VCD  spectra  can  be  observed 
experimentally.  We  have  demonstrated  this  advance  here  for  the  specific  case  of  trans-2,3- 
dideuteriooxirane  (1).  The  harmonic  force  field  is  obtained  from  a  large  basis  set  MP2  calculation,  using 
semidirect  analytical  derivative  methods.  The  excellent  accuracy  of  large  basis  set  MP2  harmonic  force 
fields  has  been  documented  by  Amos,  Handy,  and  coworkers  [37-39].  The  development  [29]  of  a 
semidirect  implementation  of  the  analytical  derivative  methodology  for  the  calculation  of  MP2  harmonic 
force  fields  [37,40]  permits  this  accuracy  to  be  realized  for  oxirane  and  its  isotopomers.  The  accuracy  of 
the  harmonic  force  field  is  documented  by  comparison  of  calculated  and  experimental  gas-phase 
vibrational  frequencies  and  unpolarized  absorption  intensities  for  oxirane  (2)  and  oxirane-d4  (3).  Errors 
in  vibrational  frequencies  are  attributable  predominantly  to  anharmonicity.  Intensities,  calculated  using 
MP2  atomic  polar  tensors  [41],  are  within  experimental  error  with  the  exception  of  C-H  and  C-D 
stretching  modes;  the  differences  here  can  be  attributed  to  anharmonicity.  The  harmonic  force  field  is 
equally  successful  in  accounting  for  the  frequencies  and  unpolarized  absorption  intensities  of  1  in  solution, 
showing  that  solvent  effects  are  not  significant.  Consequently,  errors  in  VCD  intensities  predicted  for  1, 
with  the  exception  of  the  C-H  and  C-D  stretching  modes,  originate  predominantly  in  the  absence  of 
correlation  in  the  "local"  atomic  axial  tensors,  calculated  at  the  SCF  level  of  approximation.  For  the 
modes  whose  rotational  strengths  were  reported,  these  correlation  errors  are  of  reasonable  magnitude  and, 
with  one  exception,  small. 
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This  work  constitutes  the  first  comparison  to  experimental  data  of  a  theoretical  prediction  of  a  VCD 
spectrum  based  on  an  accurate  harmonic  force  field.  Prior  predictions  of  VCD  spectra  based  on  ab  initio 
calculations  at  the  SCF  level  of  approximation  [8-25],  including  those  for  1  [10,12,17,36],  have  achieved 
considerable  success  in  replicating  experimental  VCD  spectra.  However,  as  a  result  of  the  substantially 
lower  accuracy  of  the  force  fields  used  in  these  calculations,  a  detailed  analysis  of  the  contributions  of  the 
various  possible  sources  of  error  has  not  been  possible.  As  demonstrated  here,  accessibility  of  an  accurate 
harmonic  force  field  removes  a  major  source  of  error  from  the  VCD  spectra  and  greatly  simplifies  the 
analysis  of  the  remaining  errors.  Given  the  rapidity  with  which  post-SCF  ab  initio  calculations  are 
increasing  in  feasibility,  the  range  of  chiral  molecules  for  which  accurate  harmonic  force  fields  are 
accessible  and  comparable  analyses  of  VCD  intensities  are  possible  can  be  expected  to  increase 
substantially  in  the  very  near  future.  This  prospect  in  turn  serves  to  emphasize  the  importance  of 
additional  experimental  studies  of  small,  rigid  chiral  molecules.  Despite  the  efforts  of  several  groups,  the 
number  of  molecules  in  this  category  for  which  VCD  spectra  have  been  measured  remains  small.  Further, 
it  is  vital  for  analyses  of  the  type  presented  here  that  the  definition  of  the  quantitative  accuracy  of 
experimental  rotational  strengths  be  addressed  more  critically.  While  the  measurement  of  VCD  spectra 
with  excellent  signal-to-noise  ratios  at  acceptable  spectral  resolution  is  now  straightforward  [42,43],  there 
still  remains  room  for  considerable  improvement  in  regard  to  both  the  control  of  artifactual  distortions  and 
the  absolute  calibration  of  spectra. 

Our  work  demonstrates  that  the  errors  in  rotational  strengths  arising  from  the  absence  of  correlation 
in  the  calculation  of  "local"  atomic  axial  tensors  are  not  insignificant.  Consequently,  the  development  and 
implementation  of  post-SCF  methods  for  the  calculation  of  atomic  axial  tensors  is  a  prerequisite  to  the 
accurate  calculation  of  rotational  strengths  at  the  harmonic  level  of  approximation.  It  is  to  be  hoped  that 
these  will  occur  in  the  near  future. 
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ATTN  D  E  BRODEN  MS  MN50  2000 
600  2ND  STREET  NE 
HOPKINS  MN  55343 

1  ALLIANT  TECHS  YSTEMS  INC 

ATTN  R  E  TOMPKINS 
MN  11  2720 

600  SECOND  ST  NORTH 
HOPKINS  MN  55343 

1  IBM  CORPORATION 

RESEARCH  DIVISION 
ATTN  A  C  TAM 
5600  COTTLE  ROAD 
SAN  JOSE  CA  95193 

1  HT  RESEARCH  INSTITUTE 

ATTN  R  F  REMALY 
10  WEST  35TH  STREET 
CHICAGO  IL  60616 

1  LOCKHEED  MISSILES  &  SPACE  CO 

ATTN  GEORGE  LO 
3251  HANOVER  STREET 
DEPT  52  35  B204  2 
PALO  ALTO  CA  94304 

1  OLIN  ORDNANCE 

ATTN  V  MCDONALD  LIBRARY 
P  O  BOX  222 
ST  MARKS  FL  32355-0222 

1  PAUL  GOUGH  ASSOCIATES  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  STREET 
PORTSMOUTH  NH  03801-5423 

1  HUGHES  AIRCRAFT  COMPANY 

ATTN  T  E  WARD 
POBOX  11337 
TUCSON  AZ  85734-1337 
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NO.  OF 
COPIES 

1 

3 


1 

1 

1 

3 


3 

1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


SCIENCE  APPLICATIONS  INC 
ATTN  R  B  EDELMAN 
23146  CUMORAH  CREST 
WOODLAND  HELLS  CA  91364 

SRI  INTERNATIONAL 
ATTN  G  SMITH 
D  CROSLEY 
D GOLDEN 

333  RAVENSWOOD  AVENUE 
MENLO  PARK  CA  94025 

STEVENS  INSTITUTE  OF  TECH 
DAVIDSON  LABORATORY 
ATTN  R  MCALEVY  ffl 
HOBOKEN  NJ  07030 

SVERDRUP  TECHNOLOGY  INC 
LERC  GROUP 

ATTN  R  J  LOCKE  MS  SVR  2 
2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

SVERDRUP  TECHNOLOGY  INC 
ATTN  J  DEUR 

2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

THIOKOL  CORPORATION 
ELKTON  DIVISION 
ATTN  R  BIDDLE 
RWILLER 
TECH  LIB 
P  O  BOX  241 
ELKTON  MD  21921 

THIOKOL  CORPORATION 
WASATCH  DIVISION 
ATTN  S  J  BENNETT 
P  O  BOX  524 

BRIGHAM  CITY  UT  84302 

UNITED  TECHNOLOGIES  RSCH  CENTER 
ATTN  A  C  ECKBRETH 
EAST  HARTFORD  CT  06108 

UNITED  TECHNOLOGIES  CORP 
CHEMICAL  SYSTEMS  DIVISION 
ATTN  R  R  MILLER 
P  O  BOX  49028 
SAN  JOSE  CA  95161-9028 


1  UNIVERSAL  PROPULSION  COMPANY 

ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVENUE 
PHOENIX  AZ  85027-7837 

1  VERITAY  TECHNOLOGY  INC 

ATTN  E  B  FISHER 
4845  MMERSPORT  HIGHWAY 
EAST  AMHERST  NY  14051-0305 

1  FREEDMAN  ASSOCIATES 

ATTN  E  FREEDMAN 
2411  DIANA  ROAD 
BALTIMORE  MD  21209-1525 

3  ALLIANT  TECHS  YSTEMS 

ATTN  C  CANDLAND 
L  OSGOOD 
R  BECKER 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

1  US  ARMY  BENET  LABORATORY 

ATTN  SAM  SOPOK 
SMCAR  CCB  B 
WATERVLIET  NY  12189 
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NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND 

36  DIR  USARL 

ATTN:  AMSRL-WT-P,  A  HORST 

AMSRL-WT-PC, 

R  AFEFER 
GF  ADAMS 
W  R  ANDERSON 
R  A  BEYER 
S  WBUNTE 
C  F  CHABALOWSKI 
K  P  MCNEILL-BOONSTOPPEL 
A  COHEN 
R  CUMPTON 
R  DANIEL 
D  DEVYNCK 
N  F  FELL 
B  E  FORCH 
J  M  HEIMERL 
AJKOTLAR 
MRMANAA 
W  F  MCBRATNEY 
K  L  MCNESBY 
S  VMEDLIN 
MS  MILLER 
A  W  MIZIOLEK 
S  H  MODIANO 
J  B  MORRIS 
J  E  NEWBERRY 
S  A  NEWTON 
R  A  PESCE-RODRIGUEZ 
B  M  RICE 
R  C  SAUSA 
M  A  SCHROEDER 
J  A  VANDERHOFF 
MWENSING 
AWHREN 
J  M  WIDDER 
C  WILLIAMSON 
AMSRL-CI-CA,  R  PATEL 
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Intentionally  left  blank. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-963 _ Date  of  Report  February  1996 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

will  be  used.) _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ 


Organization 

CURRENT  Name  ~ 

ADDRESS  _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


